We report the impact of cascaded reconfigurable optical add-drop multiplexer induced penalties on coherently-detected 28 Gbaud polarization multiplexed m-ary quadrature amplitude modulation (PM m-ary QAM) WDM channels. We investigate the interplay between different higher-order modulation channels and the effect of filter shapes and bandwidth of (de)multiplexers on the transmission performance, in a segment of panEuropean optical network with a maximum optical path of 4,560 km (80km x 57 spans). We verify that if the link capacities are assigned assuming that digital back propagation is available, 25% of the network connections fail using electronic dispersion compensation alone. However, majority of such links can indeed be restored by employing single-channel digital backpropagation employing less than 15 steps for the whole link, facilitating practical application of DBP. We report that higher-order channels are most sensitive to nonlinear fiber impairments and filtering effects, however these formats are less prone to ROADM induced penalties due to the reduced maximum number of hops. Furthermore, it has been demonstrated that a minimum filter Gaussian order of 3 and bandwidth of 35 GHz enable negligible excess penalty for any modulation order. 2054-2061 (2010). 10. A. Nag, M. Tornatore, and B. Mukherjee, "Optical network design with mixed line rates and multiple modulation formats," J. Lightwave Technol. 28(4), 466-475 (2010). 11. C. Meusburger, D. A. Schupke, and A. Lord, "Optimizing the migration of channels with higher bitrates," J.
Introduction
The growing demand for high-bandwidth digital multimedia applications continues to increase the capacity requirements of optical transmission systems [1, 2] . The spectral efficiency has become one of the most critical tools for increasing the transmission capacity of optical networks, and has led to considerable research activity in advanced modulation formats employing coherent detection [3, 4] . In particular, polarization multiplexed m-ary quadrature amplitude (PM-mQAM) modulation formats have received tremendous attention with reference to next-generation network upgrades [5, 6] , and at present, research is focused on developing wavelength-division-multiplexed (WDM) networks having per-channel data rates of 100 Gb/s and beyond [7] [8] [9] . The ability to deploy a dynamic and configurable optical layer is a direct consequence of such developments. This is particularly true for shorter links across the network, where the improved optical signal-to-noise ratio (OSNR) would allow the use of a high capacity channel. In dynamic optical networks, there is a large range of variables to provide the desired flexibility, including symbol rate [10, 11] , sub-carrier modulation [12] and signal constellation [4] , however, symbol rate and sub-carrier modulation would require modification of the existing reconfigurable add drop multiplexer (ROADM) based infrastructure.
While such dynamic networks enable flexible capacity allocation, these systems present complex trade-offs. One such challenge is associated with the nonlinear transmission impairments [10] [11] [12] [13] . In particular, it has been reported recently that the upgrade of a wavelength channel to a high spectral efficiency format is constrained by nonlinear cross-talk from the other network traffic [14] [15] [16] , especially if the reach is such that intra-channel nonlinearities degrading the higher bit-rate traffic (e.g. 400 Gb/s) require mitigation by the use of digital back-propagation (DBP) [17] [18] [19] . Although the future potential of nonlinear impairment compensation using DBP in a dynamic optical network is unclear due to its significant computational burden and limited access to the full dense wave-division multiplexing band, simplification of nonlinear DBP algorithm using single-channel processing at the receiver has already commenced [18] [19] [20] [21] [22] . Another challenge arises from transmission penalties due to ROADM cascades, which have been identified as one of the most critical limiting factors in 50GHz-spaced WDM systems [23] [24] [25] , and will also be a factor in grid-less networks. This can impose strict requirements on the flexibility and filter selection criteria for networks, and limit the number of optical nodes that can be cascaded. Consequently, it is of great importance to know the number and/or type of filters that a signal traverses and their impact on nonlinear transmission performance [26] [27] [28] .
In this paper we focus on flexibility in the signal constellation, allowing for evolution of the existing ROADM based network. We consider a configuration where network capacity is increased by introducing higher-order modulation traffic routes selected from design rules based on digital nonlinearity compensation methods in a coherently-detected 28 Gbaud PMmQAM network architecture. We demonstrate that even if route-lengths are chosen based on this knowledge of the physical layer limitations of the added channel after single-channel digital back-propagation, for the network studied, the majority of the network connections (75%) are operable with significant OSNR margin with electronic dispersion compensation alone. However, 25% of the remaining links require the use of single-channel DBP for error free operation. Furthermore, we demonstrate that in this network higher-order modulation formats are more prone to impairments due to channel nonlinearities and filter crosstalk; however they are less affected by the bandwidth constriction associated with ROADM cascades due to shorter operating distances. Finally, we show that, for any given modulation order, a minimum filter Gaussian order of ~3 or bandwidth of ~35 GHz enables the performance with approximately less than 1 dB penalty with respect to ideal rectangular filters. Figure 1 illustrates the simulation setup. The optical network comprised 28 Gbaud WDM channels, employing PM-mQAM (m: 4, 16, 64) formats with a channel spacing of 50 GHz, a series of optical network nodes spaced according to a particular route of a Pan-European network (see Fig. 2 ), but with the node spacing set to the nearest 80km, allowing for uniformly spaced amplifiers. For all the carriers, at all of the nodes, both the polarization states were modulated independently using de-correlated 2 15 and 2 16 pseudo-random bit sequences (PRBS) with different random number seeds, for x-and y-polarization states, respectively. Each PRBS was de-multiplexed separately into two multi-level output symbol streams which were used to modulate an in-phase and a quadrature-phase carrier. The optical transmitters consisted of continuous wave laser sources (5 kHz line-width), followed by two nested Mach-Zehnder Modulator structures for x-and y-polarization states, and the two polarization states were combined using an ideal polarization beam combiner. The simulation conditions ensured 16 samples per symbol with 2 13 total simulated symbols per polarization, and the average power of all the channels was set to be equal.
System configuration
The signals were multiplexed, and propagated over a standard single mode fiber transmission link with 80 km spans, no inline dispersion compensation and single-stage erbium doped fiber amplifiers (EDFAs). Each amplifier stage was modeled with a 4.5 dB noise figure and the total amplification gain was set to be equal to the total loss in each span. See Table 1 for simulation parameters. At the coherent receiver the signals were preamplified, de-multiplexed, coherently-detected using four balanced detectors to give the baseband electrical signal and sampled at 2 samples per symbol. Transmission impairments were digitally compensated in two scenarios. Firstly electronic compensation was applied via single-channel DBP (SC-DBP), which was numerically implemented by up-sampling the received signal to 16 samples/symbol and reconstructing the optical field from the in-phase and quadrature samples, followed by split-step Fourier method based solution of the nonlinear Schrödinger equation. Note that we initially considered a high number of samples per symbol to enable high DBP precision, however it has been shown previously that similar performance may be achieved with only 2 samples/symbol [29] . Unless mentioned otherwise, the upper bound on the step-size was set to be 1 km and the step length was chosen adaptively during the integration along the fiber based on the condition that in each step the nonlinear effects must change the phase of the optical field by no more than 0.05 degrees. In context of recent efforts for simplification of DBP algorithms, e.g., [20] , for those connections which would benefit from DBP, we also employed a simplified DBP algorithm similar to [19] , with number of steps varying from 0.5 step/span to 2 steps/span. In the second case electronic dispersion compensation (EDC) was used, and the back-propagation section in Fig. 1 was bypassed; finite impulse response (FIR) filters (T/2-spaced taps) adapted using a least mean square algorithm were employed. Polarization de-multiplexing and residual dispersion compensation was then performed using FIR filters, which was followed by carrier phase recovery. Finally, the symbol decisions were made and the performance assessed by direct error counting (converted into an effective Q-factor (Q eff )). The results were also plotted in terms of required OSNR (OSNR R ) at a BER of 3.8x10 −3 (Q eff of approximately 8.5 dB) calculated by receiver noise loading. All the numerical simulations were carried out using VPItransmissionMaker®v8.5, and the digital signal processing was performed in MATLAB®7.10. To establish a preliminary estimate of maximum potential transmission distance of each available format, we employed the transmission reaches identified in [16] . These are suitable to enable a BER of 3.8x10 −3 at a fixed launch power of −1 dBm assuming the availability of single-channel DBP. These conditions gave maximum reaches of 2,400 km for PM-16QAM, 640 km for PM-64QAM and 160 km for 256 QAM, leading to the link allocation shown in Table 1 . Note that only SC-DBP was considered in this study since in a realistic mesh network access to neighboring traffic might be impractical. WDM based DBP solution may be suitable for a point to point submarine link or for a network connection where wavelengths linking the same nodes co-propagate using adjacent wavelengths. Implementation of this condition would require wide band DBP aware routing and wavelength assignment algorithms. This approach could enable significant Q eff improvements or reach increases. For 64QAM, up to 7dB Q eff improvements were shown in [4] , although the benefit depends on the number of processed channels [29] . We then applied this link capacity rule to an 8-node route from a Pan-European network topology (see highlighted link in Fig. 2 ). To generate a traffic matrix, for each node, commencing with London, we allocated traffic from that node to all of the subsequent nodes, operating the link at the highest order constellation permissible for the associated transmission distance (Table 1) . We note that none of the links in this chosen route were suitable for 256QAM, indeed only the Strasberg to Zurich and Vienna to Prague links are expected to be suitable for this format. Nevertheless, we selected the available wavelength nearest to the centre wavelength for each link. Once all nodes were connected by a single link, this process was repeated (in the same order), adding additional capacity between nodes where an unblocked route was available until all 20 wavelengths were allocated, and no more traffic could be assigned without blockage. Table 2 illustrates the resultant traffic matrix showing the location where traffic was added and dropped (gray squares) and the order of the modulation format emerging from that node on each wavelength (numbers) as a function of the link number (vertical) and wavelengths (horizontal). For example, emerging from node 6 are nine wavelengths carrying PM-4QAM and 5 wavelengths carrying PM-16QAM whilst on the centre wavelength, PM-16QAM data is transmitted from node 1 (London) to node 5 (Munich) where this traffic is dropped and replaced with PM-64QAM traffic destined for node 6 (Milan). This ensured that various nodes were connected by multiple wavelengths. As it can be seen, the adopted procedure allowed for a reasonably meshed optical network (36 connections) with shortest route of 3 spans and longest path of 57 spans, emulating a quasireal traffic scenario. At each node, add-drop functionality was enabled using a channelized ROADM architecture where all the wavelengths were de-multiplexed and channels were added/dropped, before re-multiplexing the data signals again. This is shown in Fig. 1 . We considered Rectangular and Gaussian-shaped filters for ROADM stages, and the order of the Gaussian filters was varied from 1 through 6. Figure 3 depicts the required OSNR (OSNR R ) of each network connection as a function of transmission distance, after EDC. Note that in this case we employed rectangular ROADM filters to isolate the impact of inter-channel nonlinear impairments from filtering crosstalk (no cascade penalties were observed with ideal filters). Numerous conclusions can be ascertained from this figure. First, these results confirm that with mixed-format traffic and active ROADMs, as the transmission distance is increased the OSNR R increases irrespective of the modulation order due to channel nonlinearities. Second, we confirm that the higher-order channels are most degraded by channel nonlinearities, even at the shortest distance traversed, and the offset between the theoretical OSNR for a linear system and the simulated values are greater for such formats. This is attributed to the significantly reduced minimum Euclidian distance which leads to increased sensitivity to nonlinear effects [4] . However, for a system designed according to SC-DBP propagation limits, as the one studied here, one can observe that majority of the links operate using EDC alone (except the ones highlighted by up-arrows).
Results and discussions

Nonlinear transmission (ideal ROADMs)
Note that managing the peak-to-average power ratio for such formats through linear predistortion could improve the transmission performance, as shown in [16] . Additionally, in order to examine the available system margin, Fig. 3 also shows the received OSNR for various configurations, where it can be seen that majority of the links (except 3) have more than 2 dB available margins, and that our numerical results show an excellent match to the theoretical predictions. As discussed, the results presented in Fig. 3 exclude 9 network connections classified as failed (25% of the total traffic), where the calculated BER was always found to be higher than the FEC threshold (BER of 3.8x10 −3 ). In order to address the failed routes, we employed single-channel DBP on such channels, as shown in Fig. 4 (red: simplified, blue: full-precision 40 steps per span). It can be seen that all but one of the links can be restored given only single-channel DBP is employed, with the Q eff increasing by an average of ~1 dB, consistent with the improvements observed for heterogeneous traffic [16] . Uniquely, the failed link (after SC-DBP) is operated with the highest order modulation format studied, and its two nearest neighbors are both highly dispersed. Note that even though the maximum node lengths are chosen based on nonlinear transmission employing single-channel DBP, most of the network traffic abide by the EDC constraints (64QAM: ≥ 1 span, 16QAM: ≥ 6 spans, 4QAM ≥ 24 spans). The failed links have one-to-one correlation with violation of EDC constraints, where a quarter of total network traffic requires the implementation of single-channel DBP. Also, note that all but two of the links are operable with less than 15 steps for the whole link. These results give some indication of the benefit of flexible formats and DBP. For particular network studied (assuming one of the two failed links works with high precision DBP), if homogeneous traffic, employing 4QAM, is considered, a total network capacity of 4 Tb/s can be achieved. On the other hand, flexible m-ary QAM employing bandwidth allocation based on EDC performance limits (not shown) enables ~60% increase in transmission capacity (6.8 Tb/s), while designs accounting for SC-DBP add a further 12% increase in capacity (7.7 Tb/s). Note that for traffic calculations based on EDC constraints, we assumed that the routes of Fig. 4 would operate satisfactorily for the next format down. Further increase in capacity can be attained if pre-compensation [16] or WDM DBP [4] are used, or if more format granularity is introduced (e.g. 8QAM and 32QAM) to exploit the remaining margin. In this example, 25% of transponders operating in DBP mode enable a 12% increase in capacity. One may therefore argue that in order to provide a the same increase in capacity without employing DBP, approximately 12% more channels would be required, consuming 12% more energy (assuming that the energy consumption is dominated by the transponders).In the case studied, since a ¼ of transponders require DBP, breakeven would occur if the energy consumption of a DBP transponder was 50% greater than a conventional transponder. Given that commercial systems allocate approximately 3-5% of their power to the EDC chipset [30] , this suggests that the DBP unit used could be up to 16 times the complexity of the EDC chip. The results reported in Fig. 4 with simplified DBP fall within this bound and highlight the practicality of simplified DBP algorithms. Figure 5 shows the performance of a selection of links with less than 6 dB margin from the theoretical achievable OSNR (see Fig. 3 for links used, we show only the links with the worst OSNR R in the case of 16QAM for clarity), as a function of the Gaussian filter order within each ROADM. As it is well-known, the transmission penalty decreases as filter order increases [24] . However, it can be seen that for higher-order modulation formats, the transmission performance saturates at lower filter orders, compared to lower-order formats. This trend is related to the fact that modulation formats traversing through greater number of nodes are strongly dependent on the Gaussian order (attributed to known penalties from filter cascades [23] [24] [25] ). For instance, the performance of 4QAM traffic is severely degraded as a function of Gaussian order, due to the higher number of nodes traversed by such format. 16QAM channels show relatively good tolerance to filter order due to reduced number of hops, however when greater than 3 nodes are employed, the performance again becomes a strong function of filter order. 64QAM is least dependent on filter order since no intermediate ROADMs are traversed. For any given modulation order, a minimum Gaussian order of ~3 enables the optimum performance to be within 1 dB of the performance for an ideal rectangular filter. In the previous sections, we investigated the impact of filter shape and nonlinear fiber impairments on transmission performance. In order to verify these effects, we explore the added impact of filter bandwidth on system performance. The simulated Q eff versus 3 dB bandwidth of the ROADM stages and filter order is shown in Fig. 6 , for the worst-case OSNR R observed in Fig. 3 for each modulation format. For lower bandwidths, the Q eff is degraded due to bandwidth constraints. For higher bandwidths, since the filtering action of the coherent receiver eliminates linear crosstalk, the performance stabilizes. With the exception of second order filters, bandwidths down to 35 GHz are sufficient for all the formats studied. However, consistent with previous analysis (in Fig. 5 ), the impact of filter order on 64QAM is minimal and lower-order filters seem to have better performance than higher-order ones at 25GHz bandwidth. This is because when the signal bandwidth (28 GHz) exceeds the filter bandwidth, the lower order filters capture more of the signal spectra. However, this effect is visible in the case of 64QAM only since no nodes were traversed in this case, thereby avoiding the penalty from ROADM stages with lower filter orders.
Nonlinear transmission as a function of filter order and bandwidth
Conclusions
We have reported that if the traffic flows in a dynamic format network are allocated according to transmission distance constraints assuming the availability of digital back-propagation, a significant fraction (75% in our example) operate satisfactorily with only electronic dispersion compensation enabled. Operating the remaining channels with SC-DBP increases the overall network capacity to a certain extent (12% in this case) at the expense of additional power consumption in those transponders. For a network design constrained by the energy consumption per bit our results suggest that DBP is favorable provided that a DBP-based transponder consumes less than around 1.5 times the power of a standard EDC-based transponder., and we further confirm that simplified DBP enables tolerable complexity compared to EDC based transponders for commercial systems. Also we show that for any given modulation order, a minimum filter Gaussian order of 3 and with bandwidth of 35 GHz enables the performance with approximately less than 1 dB penalty with respect to ideal rectangular filters, and that the reduced reach of higher order formats significantly reduces the impact of ROADM-induced filtering penalties.
